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Phosphate mining in southeastern Idaho has historically resulted in the release of dissolved metals and
inorganics to groundwater and surface water, primarily due to leachate fromwaste rock in backﬁlled pits
and overburden storage piles. Selenium (Se) is of particular concern due to its high concentration in
leachate and its limited attenuation downgradient of source zones under oxic conditions. Assessments of
potential groundwater/surface water impacts from waste rock typically involve laboratory character-
ization using saturated and unsaturated ﬂow columns packed with waste rock. In this study, we compare
the results of saturated and unsaturated column tests with groundwater quality data from the Mountain
Fuel, Champ, South and Central Rasmussen Ridge Area (SCRRA), Smoky Canyon, Ballard, Henry, and
Enoch Valley Mines, to understand the release and attenuation of Se in different geochemical environ-
ments. Column studies and ﬁeld results demonstrate that the ratio of aqueous Se to aqueous sulfate
(Se:SO4 ratio) is a useful metric for understanding Se release and attenuation, where the extent of sulfate
reduction is much less than Se reduction. Comparison of dissolved Se and sulfate results suggests that the
net leachability of Se from unsaturated waste rock is variable. Overall, Se concentrations in groundwater
directly beneath waste rock dumps is not as high as would be predicted from unsaturated columns.
Lower Se:SO4 ratios are observed immediately beneath waste rock dumps and backﬁlled pits relative to
areas receiving shallow waste rock runoff. It is hypothesized that Se released in the oxic upper portions of
the waste rock is subsequently attenuated via reductive precipitation at depth in unsaturated, low-
oxygen portions of the waste rock. This highlights an important mechanism by which Se may be
naturally attenuated within waste rock piles prior to discharge to groundwater and surface water. These
results have important implications for mining practices in the region. A better understanding of Se
dynamics can help drive waste rock management during active mining and capping/water management
options during post-mining reclamation.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Phosphate mining at multiple mine sites in the Southeast Idaho
Phosphate District or “Phosphate Patch,” located in Caribou County,
Idaho (Fig. 1), has resulted in the release of various constituents of
concern to groundwater and surface water. These constituents are
primarily associated with shale units lying above, below, anday).
Ltd. This is an open access article ubetween phosphate ore zones in the Phosphoria Formation.
Placement of overburden waste rock in these shale units into
storage and disposal areas results in enhanced weathering. Dis-
solved metals/inorganics associated with organic matter and sul-
ﬁde minerals present in the shale are released via sulﬁde oxidation
and mineral dissolution (e.g., Herring, 2004). Constituents of
concern include, but may not be limited to arsenic, barium, cad-
mium, chromium, copper, manganese, molybdenum, nickel, sele-
nium, sulfate, uranium, vanadium, and zinc.
Selenium is one of the primary constituents of concern in the
Phosphate Patch due to its high mobility in oxic groundwater andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Southeast Idaho phosphate district mine sites.
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waste rock, and its potential toxicity upon release. Concerns about
surface water impacts due to phosphate mining activities in
southeast Idaho were raised as early as the 1970s (Platts and
Martin, 1978). Negative ecological impacts resulting from elevated
Se were further highlighted in 1996 following a series of livestock
deaths (Hamilton and Buhl, 2004; references therein). Elevated Se
levels were subsequently found in ﬁsh and invertebrates in the
Blackfoot River and its tributaries (Hamilton and Buhl, 2003, 2004).
Measurements in the Blackfoot River watershed have since
conﬁrmed elevated Se concentrations in surface water, soil, and
vegetation that have been attributed to phosphate mining activities
(Hamilton and Buhl, 2004; Mebane et al., 2015).
Environmental and ecological risk associated with constituent
release from waste rock requires effective mine planning and
reclamation, with an ability to understand and predict solute
release and subsequent attenuation in different hydrogeochemical
environments. These environments typically include aboveground
overburden storage piles and backﬁlled mine pits, with variable
saturation depending on waste rock management (e.g., placement
procedures, such as end dumping vs. plug dumping; dump surface
grading; and capping) and location with respect to existing surface
topography and water bodies. Source rock characterization
methods have been developed to understand the rate and extent of
constituent release, focusing on leachability as a function of rock
type (based on geologic unit) under saturated and unsaturated
conditions (Whetstone, 2013). However, the degree to which these
source characterization methods adequately describe ﬁeld-scale
leaching behavior in different hydrogeologic environments is un-
clear. Although column studies have been used for many years to
predict dissolved constituent impacts at mine sites for projectpermitting (Maxim, 2002, 2004, 2005; Whetstone, 2009, 2013),
column predictions have not been systematically compared with
ﬁeld observations from impacted mines.
The goal of this study was to reﬁne the conceptual under-
standing of the release and natural attenuation of Se in waste rock
by comparing the results of laboratory data with site-speciﬁc ﬁeld
observations for various mine sites in the Phosphate Patch. In the
ﬁeld data assessment, groundwater monitoring well Se concen-
trations were compared with other measured parameters,
including water levels to determine hydraulic connectivity and
sulfate concentrations to determine extent of mine-related impacts
at a given location. Redox-sensitive parameters, including dissolved
oxygen (O2), iron (Fe), and manganese (Mn), were used to under-
stand the potential for changes in Se speciation. In this analysis,
sulfate is used as a relatively conservative indicator of mine-related
impacts.2. Regional overview and site descriptions
The Phosphate Patch has been recognized as an important
phosphate ore resource for approximately 100 years (Lee, 2000). At
present, there are more than 2 dozen historical and currently
operating mines within the region (Lee, 2000; Idaho Department of
Environmental Quality IDEQ, 2014). Phosphate ore, present as
phosphorite, is mined from the Meade Peak Member of the
Permian-age Phosphoria Formation. The Meade Peak Member
comprises two phosphate-ore-rich zones (upper and lower ore
units), sandwiched in three shale units referred to as footwall mud
(lower waste shale), center waste shale, and hanging wall mud
(upper waste shale). These shale units contain relatively high
concentrations of Se relative to underlying and overlying units.
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Permian-age Wells Formation and Permian-age Park City Forma-
tion (including the Grandeur Tongue Member). The Wells Forma-
tion can be a relatively permeable unit that hosts a regional-scale
groundwater aquifer. Rex Chert and Cherty Shale members overlie
the Meade Peak Member within the Phosphoria Formation, which
are themselves overlain by the Triassic-age Dinwoody Formation
and Quaternary-age alluvium and colluvium (e.g., Rioux et al.,
1975). The Meade Peak Member is exposed within northwest- to
southeast-trending anticlines and synclines, resulting from east-
ward thrust compression and folding during the Cretaceous Period
(Armstrong and Oriel, 1986). Phosphate mining of the Meade Peak
Member typically involves stripping alluvium and colluvium,
Dinwoody Formation, Rex Chert, and waste shale to expose ore
zones along outcrops.
The current study focuses on ﬁeld water quality observations at
four mine sites, including the Mountain Fuel, Champ, South and
Central Rasmussen Ridge Area (SCRRA), and Smoky Canyon Mines
(Fig. 1). Waste rock laboratory characterization results are also
presented for samples collected from the North Rasmussen Ridge,
Blackfoot Bridge, and Dry Valley Mines (Fig. 1), along with labora-
tory characterization data for Smoky Canyon Mine. Additional ﬁeld
water quality observations are presented for the Ballard, Henry, and
Enoch Valley Mines in the Supplementary Information. An over-
view of the mine site features, history, and sources of impacts to
groundwater for each mine site is provided in the Supplementary
Information (Table S1). Although the details differ for each mine
site, common features include open pit mining down to Phosphoria
ore zones and placement of overburden and waste shale in
aboveground storage areas. Selenium concentrations in ground-
water tend to be highest in shallow alluvium adjacent to rock
storage piles, with lower Se concentrations in bedrock aquifers.
Open pits were backﬁlled with waste rock to various extents,
depending on the mine site. The type and extent of dump surface
reclamation was also variable, with topsoil or low-seleniferous
waste rock (often mixed with center waste shale) used as cover
material (Table S1, Supplementary Information).
3. Methods
3.1. Water quality analyses
This study includes the direct comparison of water quality
analytical results obtained from numerous laboratory character-
ization studies and ﬁeld monitoring events. Data collected by
different groups over several years were assessed to ensure data
quality and method comparability. In all cases, data were collected
and analyzed using similar procedures, with laboratory analytical
results obtained from certiﬁed commercial laboratories using EPA
methods. Water quality data described herein include total sulfate,
total Se, dissolved Fe, and dissolved Mn, where “total” and “dis-
solved” refer to unﬁltered and ﬁeld-ﬁltered samples, respectively.
Dissolved samples were ﬁeld-ﬁltered using 0.45 mm ﬁlters. Sulfate
was quantiﬁed using ion chromatography according to EPAMethod
300, while Se, Fe, and Mn were quantiﬁed using inductively-
coupled-plasma mass spectrometry (ICP-MS) according to EPA
Method 6020. Field measurements of dissolved O2 were obtained
using a dissolved O2 probe immersed in a ﬂow-through cell during
sample collection. In contrast, dissolved O2 results in many of the
column studies were determined on samples which were left open
to atmosphere in efﬂuent collection vessels; these results were
determined to be unusable in the current analysis. Selenium
speciation (including determination of selenate and selenite) in the
Dry Valley Mine column tests were determined using hydride
generation atomic absorption spectroscopy.All of the water quality data described herein were obtained
from the publically-available documents referenced for each study.
For convenience, all of the data used in this assessment have been
compiled and included as Supplementary Data.
3.2. Column tests
Laboratory analyses consisting of rock characterization and
leach testing are used to determine the composition and leaching
characteristics of waste rock, typically as part of the permitting
process for proposed mine facilities. Characterization of the
different lithologies generally includes elemental analyses, acid-
base accounting, and determination of total organic carbon con-
centrations. Leach testing has included the Synthetic Precipitation
Leaching Procedure (USEPA Method 1312) and/or column tests
performed under saturated, unsaturated, or variably-saturated
conditions. One objective of these tests is to develop source terms
to predict ﬁeld-scale release and transport of constituents of
concern. These predictions are then used to evaluate potential
environmental impacts, with the goal of informing mine planning
and restoration (e.g., selective material handling, hydraulic con-
trols, and cover design) (Maxim, 2002; Whetstone, 2013; refer-
ences therein).
Data are presented for column test programs previously per-
formed and publically available for the North Rasmussen Ridge
Mine (Maxim, 2002), Blackfoot BridgeMine (Whetstone, 2009), Dry
Valley Mine (Maxim, 2004), and Smoky Canyon Mine (Maxim,
2005). The speciﬁc column test procedures for each of these pro-
grams are summarized in the Supplementary Information. Brieﬂy,
column tests performed on waste rock generally included prepa-
ration of lithology-speciﬁc and “run of mine” mixed-lithology col-
umns, run in unsaturated (down-ﬂow) and saturated (up-ﬂow)
conﬁgurations. Under each conﬁguration, columns were run for
approximately ﬁve or more pore volume ﬂushes with air-
equilibrated deionized water, sampled 1 to 2 times per pore ﬂush.
As an important distinction, the Smoky Canyon Mine saturated
columns received the efﬂuent of unsaturated columns as inﬂuent,
rather than deionized water, with both saturated and unsaturated
columns run in a down-ﬂow conﬁguration (Maxim, 2005). Column
ﬂow rates varied between 4 and 14 days per pore ﬂush. Between
each pore ﬂush, saturated columns were typically subjected to an
approximately 5-day stop-ﬂow period, while unsaturated columns
were subjected to a drain-down and aeration period using either
dry or humidiﬁed atmospheric air (between 1 and 5 days). A pri-
mary difference between saturated and unsaturated columns
therefore includes the exposure of waste rock in unsaturated col-
umns to O2 in between each pore-volume ﬂush.
3.3. Field data assessment
Mine-related impacts to groundwater were assessed for the
Mountain Fuel, Champ, SCRRA, Ballard, Henry, Enoch, and Smoky
Canyon mines. Data were compiled from publically-available water
quality reports. The objective of this study was to understand the
release and subsequent dynamics of Se leached from waste rock,
with a particular emphasis on understanding conditions leading to
Se attenuation. A particular challenge in assessing the ﬁeld results
is determining whether Se concentration decreases downgradient
of impacts are the result of attenuation or simple dilution upon
mixing with water containing much lower Se and sulfate. Accord-
ingly, Se concentration observations were weighed against the
following lines of evidence: 1) comparison with sulfate, used as a
relatively conservative indicator of mine-related impacts, relative
to sulfate concentrations in groundwater in upgradient and
unimpacted locations; 2) comparison with redox parameters
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draulic connectivity based on water level response; and 4) com-
parison with O2 and CO2 concentrations in unsaturated waste rock
pore gas.
In this study, sulfate is used as a relatively conservative indicator
of mine-related impacts given the low concentrations of sulfate
naturally present in groundwater compared to the high concen-
trations released fromwaste rock. Following the demonstration of a
correlation between Se and sulfate in waste rock leachate, the
Se:SO4 ratio is used as a metric for Se attenuation. Speciﬁcally, areas
with low Se concentrations due to Se attenuation can be distin-
guished from areas that have low Se concentrations for other rea-
sons (e.g., dilution with groundwater or otherwise low levels of
mine-related impacts), based on a comparison with the dissolved
sulfate concentration. This method assumes that sulfate is rela-
tively nonreactive; in particular, that Se reductionmay be occurring
preferentially to sulfate reduction. The technical basis for this
observation (described in more detail in Section 5) rests in the
thermodynamics of selenium reduction relative to sulfate, as well
as literature evidence that microbial selenium reduction occurs
preferentially to sulfate in low-oxygen conditions. Speciﬁcally,
whereas microbial sulfate reduction requires strictly anaerobic
conditions, selenium reduction has been demonstrated by facul-
tative anaerobes in conditions that are low in oxygen (below
approximately 0.5mg/L O2) but not necessarily anaerobic (e.g., Kirk,
2014; references therein). Environments ﬁtting this condition are
referred to herein as “sub-oxic”.
Where available, the site-speciﬁc results were also compared to
depth-resolved pore gas measurements collected by Tetra Tech
(2008). Pore gas monitoring boreholes were installed at four loca-
tions, including Luxor Dump at SCRRA Mine, a backﬁlled pit at
Enoch Valley Mine, and two locations at Smoky Canyon Mine.
Boreholes were PVC-cased down to between 130 and 320 feet, with
equally-spaced pore gas sampling tubes installed along their
lengths. Measurements collected in 2006 include pore gas O2,
carbon dioxide, and humidity as a function of depth beneath the
surface of each waste rock dump (Tetra Tech, 2008).
4. Results
4.1. Laboratory columns
The results of previously-reported saturated and unsaturated
waste rock column tests were evaluated to understand Se leaching
behavior under different conditions, with a focus on Se and sulfate.
Leachate efﬂuent Se concentrations plotted as a function of efﬂuent
sulfate are shown in Fig. 2a for all available column results for the
North Rasmussen Ridge Mine, Blackfoot Bridge Mine, and Dry
Valley Mine. To aid in visual assessment, a series of ﬁtted lines were
added to the scatterplot. The linear ﬁts were constrained to pass
through the origin, such that the curves (of the form [Se]¼m [SO4],
where m is the Se:SO4 ratio) represent constant lines of propor-
tionality. These lines are referred to herein as “dilution lines,”
reﬂecting the observation that a solution at any point on the line
will fall at a lower point on the same line when mixed (diluted)
with a solution containing much lower concentrations of Se and
sulfate. In this way, the concentrations of Se and sulfate decrease,
but the ratio stays the same. The solid red lines were added to
encompass the upper and lower bounds of the unsaturated results
deﬁned by the shaded red region (the red shading is shown in
Fig. 2a only, whereas the upper and lower bounds are included in
subsequent ﬁgures). The solid gray line represents a linear ﬁt to the
saturated Blackfoot BridgeMine column results. Only a single line is
shown rather than a range, given the low spread in the saturated
column results.The comparison indicates a strong difference in the leachable
Se:SO4 ratio between the unsaturated column tests and saturated/
partially saturated column tests. Speciﬁcally, the saturated results
have lower Se:SO4 ratios. Although a broad Se:SO4 ratio range is
observed in the unsaturated results (highlighted by the red-shaded
envelope between upper and lower red lines), the saturated results
clearly fall outside of this range. The large spread in unsaturated
column results may be attributable to materials from speciﬁc for-
mations, as highlighted in Fig. 2b. Although the unsaturated results
as a whole exhibit a poor correlation between Se and sulfate, the
proportionality between Se and sulfate is much stronger for indi-
vidual formations.
Compared to the results for North Rasmussen Ridge Mine,
Blackfoot Bridge Mine, and Dry Valley Mine, the saturated and
unsaturated results overlap more strongly in the Smoky Canyon
Mine column test program (results presented in the Supplementary
Information). This is consistent with the fact that the saturated
Smoky Canyon Mine columns were fed with leachate from unsat-
urated columns.
The differences between saturated and unsaturated leachate
chemistry can most likely be attributed to redox conditions (in
particular, changes in dissolved O2 concentration), with relatively
reducing conditions in the saturated columns resulting in both
decreased release of Se and sulfate from waste rock and Se atten-
uation via reductive precipitation. Whetstone (2009) hypothesized
that reductive precipitation of Se is occurring in the saturated
columns, resulting in attenuation. Speciﬁcally, under saturated ﬂow
conditions, it is suggested that O2 is consumed via oxidation of
reduced sulfur and Se species (resulting in Se and sulfate dissolu-
tion), as well as microbial oxidation of organic matter present in
shale. Following O2 depletion, further microbial oxidation of
organic matter is coupled to Se reduction. The O2 concentrations
are low enough to result in the reduction of selenate to selenite, and
further to Se(0), but not necessarily low enough to result in sub-
stantial sulfate reduction relative to Se (i.e., that Se is preferentially
reduced relative to sulfate; see Section 5). Accordingly, the Se:SO4
ratio in solution drops. In contrast, aeration of the unsaturated
columns between pore volumes provides a constant supply of O2,
such that oxidative release of Se and sulfate remains high and Se-
reducing metabolism cannot proceed. Although dissolved O2 con-
centrations for many of the column tests were deemed unreliable,
other lines of evidence support the reducing conditions in satu-
rated columns. For example, Se speciation results on Dry Valley
Mine column efﬂuent indicated a predominance of selenate in
unsaturated column leachate (less than 10% as selenite), whereas
partially saturated column efﬂuent contained between 12 and 69%
Se as selenite (Maxim, 2004). Elevated dissolved Fe and Mn in
saturated column leachate are also consistent with reducing con-
ditions, as described in the Supplementary Information.
The Smoky Canyon column results, which do not indicate a
substantial change in the Se:SO4 ratio in saturated columns when
fed with leachate from unsaturated columns, indicate that a
decreased release of Se and sulfate may be as important as Se
attenuation in the saturated column tests. It is also possible that
given the limited residence time and transport distance in the
column tests, less Se attenuation is evident with substantially
higher inﬂuent Se concentrations. Importantly, regardless of
whether Se concentrations relative to sulfate are lower in the
saturated columns as a result of lesser release or reductive atten-
uation, the results are consistent with a reducing environment in
the saturated columns. The Se:SO4 ratio ranges observed in the
column tests are used below to aid in the interpretation of waste
rock leaching under ﬁeld conditions.
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Fig. 2. Saturated and unsaturated column test results for North Rasmussen Ridge Mine (NRRM), Blackfoot Bridge Mine, and Dry Valley Mine; a) all column results, b) NRRM column
results according to column material. In panel b, consecutive data for a given column test are connected by straight lines. CWS ¼ center waste shale.
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Selenium concentrations relative to sulfate as an indicator of
mine related impacts to groundwater and potential Se attenuation
are described below for Mountain Fuel Mine, Champ Mine, SCRRA
Mine, and Smoky Canyon Mine (Figs. 4 and 6 ). The results of a
similar assessment performed for the Ballard, Henry, and Enoch
Valley mines are described in the Supplementary Information.4.2.1. Mountain Fuel Mine
Groundwater Se concentrations at the Mountain Fuel Mine
ranged from below detection (0.25 mg/L) to approximately 270 mg/L
during the April 2014 (spring high ﬂow) and October 2014 (fall low
ﬂow) monitoring events depending on location, with the highest
concentrations in shallow alluvium adjacent to rock dumps (Figs. 3
and 4a; results from Arcadis, 2015a; included in the Supplementary
Data). Comparison of groundwater Se concentrations with sulfate
concentrations (Fig. 4a) also suggests variable levels of apparent Seattenuation depending on location. For comparison, the results are
plotted against the dilution lines obtained from the column results
described above, including the upper- and lower-bounds of the
unsaturated column test results (red lines) and the ﬁtted curve for
the Blackfoot Bridge Mine saturated column results (gray line). Also
shown for comparison are the Se groundwater MCL (dashed black
line) and the Se and sulfate groundwater concentrations for well
MWW-15, which is hydraulically upgradient of waste rock dumps
and representative of bedrock groundwater with no mine-related
impacts (dashed blue lines).
Comparison with the column test dilution lines indicates that
the majority of the impacts observed in alluvial groundwater are
consistent with unsaturated column test results, with Se:SO4 con-
centration ratios at or above the lower-bound unsaturated column
dilution line (Fig. 4a). The results span a wide range in Se and
sulfate concentrations, indicating variable levels of mine-related
impacts. Points with lower Se and sulfate concentrations and
Se:SO4 ratios at or above the unsaturated column dilution line are
Fig. 3. Mountain Fuel Mine site features and monitoring well network.
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mixing of mine-impacted water with unimpacted groundwater. In
contrast, bedrock groundwater tends to exhibit lower concentra-
tions of Se and sulfate, with a greater proportion of Se:SO4 ratio
values occurring below the unsaturated dilution lines. Selenium vs.
sulfate concentrations in wells MWW-18, MWD-12, and MWW-16
are consistent with diluted unsaturated column results based on
their occurrence above the red dilution line, while Meade Peak well
MWM-17, Dinwoody wells MWD-13 and MWD-14, and Rex Chert
wells MWR-20 andMWR-22 have Se:SO4 ratios substantially below
the unsaturated column dilution line. In nearly all cases (except
MWR-22, discussed below), Se and sulfate concentrations in
groundwater show little seasonal variation.
The variation in Se:SO4 ratio across Mountain Fuel Mine is
believed to be due to the variable level of Se attenuation that occurs
in unsaturated waste rock before leachate migrates into alluvium
and bedrock. Leachate along the east end of the Valley Dump and
north of the East Limb Dump that remains oxic during contact with
waste rock includes leachate dominated by surﬁcial runoff and
percolation through thinner edges of waste rock piles. Effectively
no attenuation of Se is observed with this type of leachate once it is
released from waste rock.
Because this water remains oxic, Se and sulfate impacts are
consistent with unsaturated column tests performed in the labo-
ratory. The fact that the Se:SO4 ratio remains high at more distant
portions of the impacted zone (e.g., MWA-8; Figs. 3 and 4a) sug-
gests that attenuation of Se via adsorption is minimal in oxic
alluvium.In contrast, water that percolates to depth in the thicker central
portions of waste rock piles exhibits a greater degree of Se attenu-
ation, likely resulting from sub-oxic or anoxic conditions developing
at depth in the waste rock as O2 is consumed through the oxidation
of organic matter and sulﬁde (a cross-section schematic of this
concept is provided in the Supplementary Information; Fig. S3).
Bedrock monitoring points occurring directly beneath and down-
gradient of thick waste rock pile zones such as MWM-17 show sig-
natures of this Se attenuation. Interestingly, Rex Chert well MWR-22
has a higher Se:SO4 ratio near the peak of spring high-ﬂow condi-
tions (April 2014), but shows a one order of magnitude decrease in
the Se concentration by June 2014, resulting in a corresponding drop
in the Se:SO4 ratio (Fig. 4a). One possibility is that more O2 is
transported to depth and/or more dissolved organic carbon is
ﬂushed out of pore spaces under high-ﬂow percolation; 2014 was a
wet year with 140% above-average precipitation (Arcadis, 2015a). As
spring runoff proceeds, reducing conditions rapidly develop that
dampen the Se source term via reductive immobilization for the
remainder of the year. Finally, although MWD-14 is present down-
gradient of waste rock and also has a low Se:SO4 ratio, the sulfate
concentration is low enough to suggest that the well is minimally
impacted by mine waste; low Se in this case is likely due to the
absence of impacted water rather than attenuation.
In this way, many of the waste rock-impacted wells at Mountain
Fuel Mine and other sites can be distinguished according to
whether or not Se attenuation is observed following release. These
monitoring well results are summarized for Mountain Fuel Mine,
Champ Mine, and SCRRA Mine in Table 1.
Fig. 4. 2014 Se and sulfate concentrations in groundwater: a) Mountain Fuel Mine, b) Champ Mine.
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Selenium concentrations in groundwater varied from non-
detect to several hundred mg/L in groundwater in 2014, with the
highest Se impacts in shallow alluvium adjacent to waste rock piles
(Fig. 5), while comparison of Se concentrations with sulfate suggest
variable levels of Se attenuation (Fig. 4b; results from Arcadis,
2015b; included in the Supplementary Data). Similar to observa-
tions at Mountain Fuel Mine, greater levels of Se attenuation (as
inferred based on lower Se:SO4 ratios) are observed at ChampMine
beneath thicker portions of rock dumps relative to locations lateral
to rock dumps. The most strongly impacted alluvial wells
(CHMWA-07, CHMWA-08, and CHMWA-12A) have Se:SO4 ratios in
line with the results of unsaturated column tests and consistent
with impacts resulting from surﬁcial runoff or shallow percolation
and lateral migration of oxic rock dump leachate. An exception to
this observation includes STOCK WELL 1, which has low Se (at or
below background based on Mountain Fuel Mine well CHMWW-
15), but elevated sulfate. In comparison, nearby wells CHMWA-11and CHMWA-13 show no mine-related impacts, suggesting that
the low Se and elevated sulfate in STOCK WELL 1 may be due to
minor mine impacts with Se attenuation or naturally occurring
elevated sulfate.
In contrast, most bedrock groundwater shows low Se and sulfate
impacts overall, even in wells located beneath mine features. Rex
Chert well CHMWR-23 is an example of a bedrock well residing
beneath unsaturated waste rock that has a decreased Se:SO4 ratio
more consistent with saturated column test results. Some Se
attenuation is also suggested at CHMWR-22, although overall
mine-related impacts are inferred to be low based on sulfate con-
centrations. It is possible that CHMWW-20 may be receiving small
contributions of oxic runoff from the western portion of the East
Dump and therefore does not exhibit a decreased Se:SO4 ratio,
while CHMWW-19 and CHMWW-21 are unimpacted.
Although the Champ Mine results indicate Se attenuation in
unsaturated waste rock, the results also identify areas beneath the
rock dumps where minimal Se attenuation occurs. Monitoring
Fig. 5. Champ Mine site features and monitoring well network.
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beneath rock dumps, have Se:SO4 ratios that are consistent with
unsaturated column test results and therefore suggest minimal Se
attenuation. However, although the results are more consistent
with unsaturated column results, it is important to point out that
the magnitude of the impacts at these points are relatively low
compared to most of the unsaturated column results. For example,
CHMWD-15, which is screened immediately beneath bedrock and
likely receives most of its recharge as percolation from overlying
waste rock, has modest Se and sulfate concentrations relative to
unsaturated columns (maximum 2014 Se and sulfate concentra-
tions of 81 mg/L and 138 mg/L, respectively; Fig. 4b). This suggests
that the magnitude of release is lower than predicted by the un-
saturated columns, even though the Se:SO4 ratios are consistent
with unsaturated column results.
The Champ Mine results also highlight examples where sub-
stantial Se attenuation is observed outside of deep percolation
(thick rock dump) impacts. Speciﬁcally, alluvial wells CHMWA-04
and CHMWA-05 and Rex Chert well CHMWR-24 have low Se:SO4
ratios well below the saturated column dilution line (Fig. 4b),
despite likely receiving impacted water from relatively shallow
rock dump sources. The strong Se attenuation inferred from the low
Se:SO4 ratios is consistent with redox indicators suggestive of
reducing conditions (dissolved O2, Fe, and Mn; Fig. 7). These points
reside along a surface water channel (Goodheart Creek, Fig. 5) that
is highly vegetated. It is therefore very likely that the marshy
conditions in this area result in a reducing environment conducive
to Se reduction in surface water, which then recharges the alluviumand travels further downward into Rex Chert at this location. This is
consistent with similar observations made at the Wooley Valley
Mine, where selenium attenuation has been demonstrated in
wetlands downstream of theWooley Valley Unit #4 dump (Stillings
and Amacher, 2004). The monitoring well observations for Champ
Mine are summarized in Table 1.4.2.3. SCRRA Mine
Groundwater impacts at SCRRA mine include Se concentrations
up to 1 mg/L and sulfate concentrations up to 2000 mg/L in allu-
vium (Arcadis, 2014; Arcadis, 2015c; TRC, 2011). Based on com-
parison with sulfate, Se impacts across the mine show variable
levels of Se attenuation depending on location. Of particular note
are the monitoring wells screened in waste rock, including BH-6,
BH-1, and MWBR-9. BH-6 is screened in a shallow, unsaturated
portion of waste rock (7e18 ft below the surface) in an above-
ground portion of the South Dump (Fig. S1). This well has among
the highest Se and sulfate concentrations at the mine, with no
evidence of Se attenuation (Fig. 6a, which includes values for 2010
through 2013 since BH-6 was dry in 2014). In contrast, BH-1 and
MWBR-9 are screened at the bottom of the saturated and backﬁlled
South Pit and Central Pit, respectively (Figs. S1 and S4). In addition
to percolation from overlying waste rock, these pits also receive
water inﬂowing laterally from a pumpback pond; this pond re-
ceives water pumped back from South Fork Sheep Creek, which is
impacted from shallow runoff from the South Dump (Fig. S1). BH-1
and MWBR-9 have similar sulfate concentrations to BH-6 but with
up to three orders of magnitude lower Se concentrations. Wells BH-
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Fig. 6. 2014 Se and sulfate concentrations in groundwater: a) South and Central Rasmussen Ridge Area (SCRRA) Mine, b) Smoky Canyon Mine.
M.B. Hay et al. / Applied Geochemistry 74 (2016) 176e1931841 and MWBR-9 demonstrate that the level of Se attenuation
achievable in saturated backﬁll is greater than what is typically
observed in saturated columns. This occurs even under high Se
loading conditions resulting from oxic release and percolation from
above and direct recharge from impacted surface water, as indi-
cated by the Se:SO4 ratios for these wells plotting below the satu-
rated column dilution line (Fig. 6a). As noted in Section 4.1, the
lower Se concentrations in saturated columns relative to unsatu-
rated columnsmay have been due to a combination of a decrease in
release and in attenuation subsequent to release under saturated
conditions. However, the ﬁeld results clearly demonstrate attenu-
ation of Se in leachate with high initial Se concentrations.
Alluvial wells at SCRRA Mine show variable levels of oxic and
sub-oxic (Se-attenuated) impacts depending on location. Rela-
tively high Se and sulfate impacts are observed in wells MW-6,
MW-7, MW-8, and PZ-2 located along the edges of the South
Dump, consistent with unsaturated column predictions (Fig. 6a). A
greater level of Se attenuation is observed in alluvial wells MW-2,
MW-4, and PZ-1, in spite of being located along the dump edgesand without evidence for reducing conditions (described below).
If the lower Se concentrations are a result of attenuation under
reducing conditions, then the dissolved O2 observed would need
to have been reintroduced downgradient via mixing with more
oxic water.
Dinwoody and Wells Formation wells at SCRRA show mine
impacts with no selenium attenuation, consistent with their lo-
cations (Fig. 6a and Fig. S1). Dinwoody Formation wells show low
levels of impact, but have Se:SO4 ratios consistent with downward
percolation from overlying surface water and alluvial impacts.
Selenium present in Wells Formation well MWBR-2 is likely the
result of inﬁltration from water along No Name Creek, which re-
ceives runoff from waste rock. In contrast, Rex Chert wells have
Se:SO4 ratios similar to BH-1 (lying along a similar “dilution line”)
but with lower Se and sulfate concentrations. This is consistent
with mixing of Se-attenuated saturated backﬁll water with clean
Rex Chert groundwater, consistent with downward percolation of
backﬁll water into the Rex Chert formation (see cross section in
Fig. S4).
Table 1
Summary of monitoring well observations at Mountain Fuel, Champ, and SCRRA mines.
Mine site and
formation
Monitoring wells Sulfate
(mg/L)
Se
(ug/L)
Dissolved
O2 (mg/L)
Rationale
Mine waste-impacted groundwater with no apparent selenium attenuation:
Mountain Fuel
Mine
alluvium
MWA-1 through MWA-5, MWA-6,
MWA-8, MWA-10, MWA-16
10
e684
1.4
e268
4.8e19 Runoff and percolation from shallow waste rock, with leachate remaining oxic on
discharge to groundwater.
Mountain Fuel
Mine bedrock
MWD-12, MWW-16, MWW-18,
MWR-22 (Apr)
14e22 5.2
e10.6
4.7e14.5
Champ Mine
alluvium
CHMWA-07, CHMWA-08,
CHMWA-12A
12
e163
15
e380
4.2e8.9
Champ Mine
bedrock
CHMWD-15, CHMWD-17 16
e138
3.1
e83
6.7e7.7
SCRRA Mine
alluvium
MW-6, MW-7, MW-8, PZ-2, BH-3,
BH-4
3
e2130
1
e1900
0.8e9.4
SCRRA Mine
bedrock
Ras Shop Well, MWBR-3, MWBR-2 7e35 0.8
e4.7
5.1e10.6
Mine waste-impacted groundwater, evidence for selenium attenuation following release:
Mountain Fuel
Mine bedrock
MWM-17, MWR-22 (Oct) 11e37 <0.3 0.6e1.2 Percolation within thick unsaturated waste rock; consumption of dissolved O2 results in
Se attenuation.
Champ Mine
bedrock
CHMWR-23, CHMWR-24 12e38 <0.4 0.4e1.7 Consumption of dissolved O2 results in Se attenuation: CHMWR-23 residing beneath
thick unsaturated waste rock, CHMWR-24 residing beneath marshy conditions on
Goodheart Creek.
Champ Mine
alluvium/
bedrock
CHMWA-04, CHMWA-05 205
e711
<2.1 0.2e2.9 Marshy conditions on Goodheart Creek resulting in low dissolved O2 and Se attenuation.
SCRRA Mine
backﬁll
BH-1, MWBR-9 1510
e1910
1.1
e5.2
0.7e0.8 Saturated conditions within waste rock result in dissolved O2 consumption and Se
attenuation.
SCRRA Mine
bedrock
MWBR-4, MWBR-5 32
e247
<0.25 0.3e1.0 Receiving water from saturated waste rock (see BH-1, MWBR-9).
Groundwater exhibiting no apparent impacts from mine waste:
Mountain Fuel
Mine
MWA-7, MWA-9, MWD-14,
MWW-15, MWW19
4e8 <1.5 3.8e19 e
Champ Mine CHMWA-1/2/3/6/9/11/13,
CHMWW-19, CHMWW-21,
CHMWR-22
0.6e10 <0.5 0.2e9.8 e
SCRRA Mine MWBR-6, MW-NW20 1e7 <0.3 0.9e7.2 e
Other/Exceptions:
Mountain Fuel
Mine bedrock
MWR-20 260 12 5e6 Waste rock impacted; reason for slight apparent Se attenuation unknown.
MWD-13 18e20 <0.3 1.4e1.5 Not located beneath thick waste rock, but exhibits Se attenuation with low dissolved O2.
Champ Mine
alluvium
Stock Well 1 29 <1 6.4 Elevated sulfate under oxic conditions and in absence of Se; reason unknown.
SCRRA Mine
alluvium
MW-2, MW-4, PZ-1 199
e484
5.1
e27
5.8e11.9 Apparent Se attenuation in spite of oxic conditions; reason unknown.
SCRRA Mine
bedrock
MMW-026 24e25 1.0
e1.3
0.4e0.9 Unknown source of sulfate, but low dissolved O2 consistent with Se attenuation.
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Groundwater in the Wells Formation to the north, east, and
south of disturbance areas exhibit mine-related impacts, primarily
resulting from external overburden/waste rock dumps adjacent to
pits (Formation Environmental, 2013). Selenium and sulfate con-
centrations for Wells Formation monitoring wells and springs are
shown on Fig. 6b (data from Formation Environmental (2013)). The
observed impacts are largely characteristic of oxic runoff and
percolation through waste rock, consistent with unsaturated col-
umn results, and therefore indicate minimal Se attenuation. One
possible exception to this observation includes monitoring well
GW-CO-2, which is located in the northern portion of themine near
pumping activities (Fig. S2). Sulfate concentrations of 20e60 mg/L,
although low, are atypical for unimpacted Wells Formation
groundwater, and are possibly indicative of mine-related impacts. If
this well is mine-impacted, the low Se:SO4 ratio may indicate Se
attenuation. Note that this well also has among the highest dis-
solved Fe and Mn and lowest dissolved O2 concentrations
measured in Wells Formation wells at Smoky Canyon, as discussed
below. Ultimately, however, the actual level of mine-related im-
pacts at this location are unknown.
Becausewaste rock is in direct contact with theWells Formation
at Smoky Canyon Mine, the impacts observed in the WellsFormation due to recharge from oxic waste rock runoff and shallow
percolation are analogous to the oxic leachate alluvial impacts
observed at Mountain Fuel, Champ, and SCRRA mines described
above. Given the magnitude of oxic impacts observed at Smoky
Canyon Mine, it is possible that the Se attenuation mechanism is
less signiﬁcant in the waste rock piles at Smoky Canyon Mine
relative to the other mines investigated (i.e., deep percolation
through waste rock may not be sufﬁcient to yield adequate O2
consumption for Se attenuation). This may be a function of the
waste rock pile conﬁguration and deposition processes that are
controlling O2 replenishment in pore gas in the piles. However, no
monitoring points are located directly beneath waste rock piles at
Smoky Canyon Mine; therefore, it is difﬁcult to ascertain the extent
to which the Se attenuation mechanism may be occurring.
4.3. Groundwater redox parameters
Redox-sensitive groundwater parameters, including dissolved
O2 and dissolved Fe and Mn, were compared with the Se observa-
tions noted above. Dissolved O2, Mn, and Fe concentrations at
ChampMine andMountain Fuel Mine (Arcadis, 2015a, b) are shown
in Fig. 7 (additional results for SCRRA Mine and Smoky Canyon
Mine are provided in the Supplementary Information).
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Fig. 7. 2014 dissolved O2, dissolved Mn, and dissolved Fe in groundwater for Mountain Fuel Mine (aec) and Champ Mine (def).
M.B. Hay et al. / Applied Geochemistry 74 (2016) 176e193186Approximate 1.5 mg/L dissolved O2 contour lines based on the
available data have also been added to Figs. 3 and 5. As described
below, dissolved O2 concentrations below 0.5 mg/L are likely
needed to achieve selenium reduction. The 1.5 mg/L contour is
provided only for illustrating the zones where dissolved O2 is
reduced. Note that dissolved O2 values higher than 0.5 mg/L may be
observed in the ﬁeld downgradient of reducing zones due tomixing
of sub-oxic and oxic waters in the aquifer, as well as ﬁeld mea-
surement uncertainty or O2 introduction on sampling.The results demonstrate that impacted areas subject to Se
attenuation also tend to exhibit reducing conditions, supporting
the hypothesis that Se attenuation is proceeding through reductive
precipitation. At Mountain Fuel, dissolved O2 concentrations in
groundwater conﬁrm that dissolved O2 is lower beneath waste rock
piles, as shown on Fig. 3. Speciﬁcally, impacted bedrock wells lying
beneath or downgradient of thick waste rock characterized by low
Se:SO4 ratios (particularly MWM-17, MWD-14, and MWR-22) also
have the lowest concentrations of dissolved O2 and highest
M.B. Hay et al. / Applied Geochemistry 74 (2016) 176e193 187concentrations of dissolved Fe and Mn (Fig. 7), consistent with
reducing conditions adequate for Se reduction. MWR-22 had higher
dissolved O2 and lower dissolved Fe andMn in April 2014 compared
to June 2014. This is consistent with the higher Se:SO4 ratio, indi-
cating relatively oxic conditions under high-ﬂow conditions that
quickly transitioned into reducing conditions later in the season.
This redox trend also holds for MWD-13, which has low dissolved
O2 and high Mn along with a lower Se:SO4 ratio. AlthoughMWR-20
(located to the north, not beneath thick waste rock) also shows a
slightly decreased Se:SO4 ratio, this well had relatively high dis-
solved O2 in June 2014.
Similar observations were noted at Champ Mine, where low
dissolved O2 is apparent beneath theWest Dump (CHMWR-23) and
beneath Goodheart Creek (Fig. 5). In addition to low dissolved O2,
elevated dissolved Fe andMnwere observed in CHMWR-23 (Fig. 7).
The redox parameters (including dissolved O2 > 6 mg/L) also
conﬁrm the high Se:SO4 ratios (indicating little Se attenuation) at
CHMWD-15 and CHMWD-17, despite their locations beneath waste
rock. Given their positions on the edge of the dump, CHMWD-15
and CHMWD-17 receive waste rock percolation through relatively
shallow (15- to 35-foot-thick) portions of dump material that
apparently remain oxic. This also appears to be the case for
CHMWW-20; given its position between unsaturated pit backﬁll
and the East Dump, CHMWW-20 may receive oxic inﬁltration
through relatively thin portions of backﬁll (approximately 20 feet
thick in this area) and/or oxic runoff from the East Dump. In
contrast, the thickness of the waste rock dump near CHMWR-23
(where Se attenuation was observed) is approximately 35 feet.
Although the waste rock thicknesses in the vicinity of CHMWD-15
and CHMWR-23 are similar, the location of CHMWR-23 near the
middle of the dump where pore gas exchange may be reduced
compared to the edges of the dump likely controls the levels of Se
attenuation observed.
This trend is also observed at SCRRA and Smoky Canyon. At
SCRRA, the lowest dissolved O2 and highest Mn and Fe are observed
in the saturated backﬁll wells BH-1 and MWBR-9 and in the Rex
Chert wells likely receiving ﬂow from saturated backﬁll (Fig. S5).
Alluvial, Dinwoody, and Wells Formation wells exhibiting impacts
with no apparent Se attenuation based on Se:SO4 ratios have high
dissolved O2 and low dissolved Mn and Fe, as expected. Alluvial
wells MW-2, MW-4, and PZ-1exhibit oxic conditions in spite of
some potential Se attenuation. At Smoky Canyon, elevated dis-
solved O2 and low dissolved Fe and Mn in impacted Wells Forma-
tion groundwater are consistent with the lack of Se attenuation
observed, with the possible exception of GW-CO-2 noted above.
4.4. Monitoring well hydraulic response
Water level monitoring results at Mountain Fuel Mine and
Champ Mine bedrock monitoring wells were compared against
2014 precipitation levels to evaluate the rate and extent of hy-
draulic response to inﬁltration. Monitoring well hydrographs are
provided in Fig. 8, overlaid with snow water equivalent recorded at
the Slug Creek Divide SNOTEL station (available through the U.S.
Department of Agriculture Natural Resources Conservation Service
website: http://wcc.sc.egov.usda.gov/nwcc; accessed in February
2015). For most wells, water levels showed a direct response to
spring snow melt, as indicated by a rapid and substantial increase
in groundwater levels with melting of the snowpack.
At Mountain Fuel, impacted wells MWR-22 and MWD-13 both
responded quickly and strongly in the spring, with water level in-
creases of 18e30 feet, consistent with rapid groundwater recharge
from snowmelt (23-inch snowwater equivalent in 2014; Fig. 8). The
level of response in MWR-22, given its location beneath waste rock,
suggests a strong hydraulic connection with water that percolatesin from above throughwaste rock. This fast response is most readily
observable in wells screened in the Rex Chert and Dinwoody for-
mations, which contain relatively localized aquifers that are
regionally discontinuous. MWM-17 responded to the spring
snowmelt more slowly and to a lesser extent, which is consistent
with its completion within the Meade Peak aquitard. However,
MWD-14 at Mountain Fuel Mine (screened in the Dinwoody) also
responded slowly, suggesting a hydraulic impediment to recharge
from above at this location.
At Champ Mine, the large response at CHMWR-23 (where
reducing conditions and Se attenuation are observed) is also
consistent with fast groundwater recharge, suggesting direct
percolation through waste rock as a source of water in this location.
The response is similar in rate and extent to that observed at wells
CHMWD-15 and CHMWD-17 (Fig. 8), which clearly receive waste
rock percolation based on water quality. In contrast, CHMWW-20
shows a very small and slow response to snowmelt. Although the
well appears to be receiving percolation fromwaste rock, the lack of
a fast hydraulic response is consistent with the well being screened
in theWells Formation regional aquifer where recharge is governed
by storage in overlying alluvium that buffers the hydraulic
response.
4.5. Comparison with borehole chemistry
As part of awaste rock evaluation study performed by Tetra Tech
(2008), waste rock borehole pore gas analyses were performed at
SCRRA Mine (Luxor Dump; Fig. S1), Enoch Valley Mine (Fig. S11),
and Smoky Canyon Mine (Panels A and D, Fig. S2). Pore gas O2
concentrations in all boreholes are close to atmospheric levels
within approximately 15 feet of the surface (Fig. 9). In the SCRRA
Mine and Enoch Valley Mine boreholes, pore gas O2 content de-
creases sharply with depth; at SCRRA, pore gas O2 is consistently
below 0.7% for depths at and below 30 feet. At Enoch Valley Mine,
pore gas O2 drops to between 2.2% and 9.2% at 36 ft, further
dropping to below 0.7% at depth. In contrast, pore gas O2 in Smoky
Canyon Mine boreholes remains high, varying between 10% and
20% with depth, suggesting less O2 consumption within the waste
rock and/or a greater level of contact and exchange with
atmosphere.
The observations are further conﬁrmed by pore gas CO2 content.
The SCRRA and Enoch Valley borehole pore gas measurements
show strong deviations from atmospheric levels with depth,
achieving CO2 contents of between 6% and 10%, likely due to CO2
generation via organic matter oxidation and/or calcite dissolution
during acid neutralization. In contrast, there was less CO2 accu-
mulation in Smoky Canyon Mine boreholes, indicating less CO2
generation and/or a greater level of atmospheric air replenishment.
These results are consistent with site-speciﬁc Se attenuation
observations. Whereas ﬁeld water quality observations support an
argument for Se attenuation in unsaturated waste rock at SCRRA
Mine and Enoch Valley Mine, water quality results at Smoky
Canyon Mine do not provide evidence for Se attenuation. The pore
gas O2 results suggest that the lack of Se attenuation at Smoky
Canyon Mine may be due to site-speciﬁc factors controlling the
level of pore gas replenishment in the unsaturated waste rock.
Although the site-speciﬁc factors controlling pore gas replenish-
ment at each of these mines is unknown, these factors may
generally include the type of covers emplaced (whichmay consume
O2 or limit air exchange), mining practices and waste rock
emplacement procedures (e.g., end-dumping vs. plug-dumping of
waste rock, as suggested by Tetra Tech (2008)), and rock dump
conﬁguration (e.g., above-ground vs. backﬁlled pit). Regardless, the
results suggest that low pore gas O2 concentrations are necessary
for Se attenuation.
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Fig. 8. 2014 groundwater elevations in monitoring wells at Mountain Fuel Mine (aed) and Champ Mine (eeh), compared with snow water equivalent measured at the Slug Creek
Divide SNOTEL station. Transducer datalogger results are compared with manual water level measurements.
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5.1. Selenium attenuation in reducing environments
The attenuation of Se in reducing environments has a strong
historical basis in ﬁeld observations. In reducing soil, sediment, and
groundwater systems, the reductive precipitation of selenate and
selenite is a well-known process for immobilizing dissolved Se (Su
et al., 2007; White and Dubrovsky, 1994). Abiotic Se reduction can
be achieved by reaction with reduced mineral phases such as sul-
ﬁdes and green rust (Myneni et al., 1997; Hockin and Gadd, 2003;Charlet et al., 2007), but these processes are kinetically limited.
Microbial reduction of Se is a more signiﬁcant and kinetically rapid
process, particularly in the presence of an organic substrate and low
dissolved O2 (Oremland et al., 1989; White and Dubrovsky, 1994;
Kirk, 2014).
Microbes capable of reducing Se have been identiﬁed in waste
rock in the Phosphate Patch, with ﬁeld-scale observations of Se
reduction under saturated conditions. Kirk (2014) demonstrated
the existence of Se-reducing microbes in unsaturated waste rock
samples and saturated groundwater samples from Dry Valley,
Smoky Canyon, and Enoch Valley mines using DNA methods and
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Fig. 9. Waste rock dump borehole pore gas O2 and CO2 concentrations, after Tetra Tech (2008).
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rock samples under site-representative conditions has also been
demonstrated in laboratory batch tests (Kirk, 2014). These results
are consistent with earlier studies demonstrating the existence of
Se-reducing microbes at Smoky Canyon Mine (Knotek-Smith et al.,
2006). At Dry Valley Mine, reduced Se concentrations were
observed in saturated backﬁll monitoring wells relative to Se con-
centrations in overlying unsaturated backﬁll pore water collected
from lysimeters (Kirk, 2014; Maxim, 2004). These results suggest Se
reduction in the lower, saturated portions of waste rock, similar to
the observations described above for SCRRA Mine. Importantly,
however, the results presented herein also demonstrate that fully
saturated waste rock conditions (i.e., occurrence of waste rock
beneath the water table) are not necessary for signiﬁcant Se
attenuation to occur; rather, Se attenuation via reductive precipi-
tation may also be signiﬁcant in unsaturated portions of waste rock
with low dissolved O2 conditions.
This assessment also suggests that Se reduction is proceeding in
the waste rock to a greater extent than sulfate reduction, resulting
in a decrease in the Se:SO4 ratio in solution. Note that the Se:SO4
ratio method does not require the complete absence of sulfate
reduction to be applicable; it is possible that sulfate is being
reduced, but the ratio decreases because proportionately more Se is
reduced than sulfate. This preferential reduction of Se over sulfate
is consistent with the energetics of the individual redox reactions,
as well as the biology of Se reduction. At pH 7, the selenate (SeO42)to selenite (HSeO3) half-reaction occurs at an oxidation-reduction
potential (ORP) of approximately 520 mV, and the selenite to
Se(0) half-reaction occurs at an ORP of approximately 200 mV,
compared to the half-reaction of sulfate to sulﬁde at an ORP of
approximately 200 mV (relative to the standard hydrogen elec-
trode, based on thermodynamic constants found in standard
geochemical modeling databases such as those provided with
PHREEQC (Parkhurst and Appelo, 1999)). In addition, Se reduction
can be achieved microbially via facultative anaerobes, which can
begin the reduction of selenate to selenite and further to Se(0) in
the presence of low concentrations of dissolved O2 (Yee et al., 2007;
Youssef et al., 2009). For example, selenate reduction has been
observed to occur via the fumarate nitrate reduction regulator
(FNR) pathway, with expression of the FNR regulon below 0.5 mg/L
dissolved O2 (Constantinidou et al., 2006; Yee et al., 2007). Specif-
ically for the Phosphate Patch, Kirk (2014) observed the onset of
microbial Se reduction inwaste rock incubation experiments below
0.3 mg/L dissolved O2. In contrast, sulfate reduction is not typically
observed in such environments, requiring more extensive O2
depletion before sulfate reduction can set in (e.g., Kjeldsen et al.,
2004).5.2. Selenium forms and co-location with sulfate
The strong correlation between Se and sulfate in southeast
Idaho phosphateminewaste rock leachate has been noted in earlier
M.B. Hay et al. / Applied Geochemistry 74 (2016) 176e193190studies (e.g., Herring, 2004), despite high variability in the apparent
association of Se and other trace elements with sulﬁde minerals in
the rock. Herring (2004) observed that Se in shale tends to be
associated with the organic fraction, attributing the correlation
with leached sulfate to the association of Se with sulﬁde minerals
present in the organic fraction. In contrast, Piper (1999) suggested
that trace element associations with sulﬁdes are likely minimal,
given the low, variable content of pyrite in the shale collected from
Enoch Valley Mine (with pyrite abundances too low to quantita-
tivelymeasure). Desborough et al. (1999) also observed the absence
of measurable pyrite in organic carbon-rich rock collected from the
Maybe Canyon Mine, suggesting that Se at this mine is associated
with organic matter. However, they did ﬁnd Se associated directly
with pyrite in rock obtained from the Dry Valley Mine. X-ray
spectroscopic and spectromicroscopic investigations on shale from
Smoky Canyon Mine and other neighboring mine sites within the
Phosphate Patch have demonstrated that Se is largely present in Se-
substituted pyrite, as well as in metal selenides and carbon-
selenide complexes (Perkins and Foster, 2004; Ryser et al., 2005).
Although Grauch et al. (2004) argued that Se is primarily present as
elemental Se, discrete Se particles were often found co-locatedwith
pyrite and gypsum. Stillings and Amacher (2010) also suggested the
presence of elemental Se in waste rock from Wooley Valley on the
basis of kinetic leach test results. Overall, these studies suggest that
when sulﬁdes are present in the rock, much if not most of the Se
present is associated with the sulﬁdes, either directly in selenide-
substituted sulﬁde phases or co-located with sulﬁdes in discrete
selenide or elemental Se phases, supporting the high correlation
observed between Se and sulfate on leaching. Sulﬁde oxidation in
the Phosphate Patch is not accompanied by acid generation due to
the ample acid neutralization potential of the waste rock (e.g.,
Herring, 2004). Due to the alkaline pH of the leachate, divalent
metals are less mobile (more prone to adsorption) than Se, and
therefore tend to present a lower risk.5.3. Geochemical conceptual model
The column test results, ﬁeld results from the SCRRA mine, and
other ﬁeld-based evidence in the literature (Kirk, 2014; Maxim,
2004) demonstrate that attenuation of Se released from waste
rock can occur under saturated conditions, likely as a result of the
consumption of O2 due to sulﬁde and organic matter oxidation. This
is followed by the microbial reduction of Se, coupled to the
oxidation of organic matter naturally present in the waste shale in
waste rock (e.g., Kirk, 2014). The results presented for ChampMine,
Mountain Fuel Mine, and Enoch Valley Mine provide evidence that
Se attenuation via reductive immobilization is also likely occurring
in unsaturated zones with sufﬁciently low O2. The extent of Se
attenuation appears to be highly dependent on location within a
waste rock pile, rock pile thickness, and potentially site-speciﬁc
factors of waste rock type and deposition (e.g., end dumping vs.
plug dumping). Although similar levels of Se attenuation in un-
saturated waste rock were not observed at Smoky Canyon Mine,
this lack of attenuation is consistent with elevated pore gas O2.
Collectively, these results are summarized into the following
geochemical conceptual model (depicted schematically in Fig. 10):
1) As precipitation inﬁltrates and percolates through the waste
rock, constituents are released as either the direct or indirect
result of oxidative mechanisms.
2) As oxidation proceeds, O2 is consumed. Depending on the
thickness, saturation state, and O2 availability in the waste rock
pile, leachate discharging from waste rock can exhibit either
oxic or sub-oxic characteristics.3) Leachate exiting waste rock piles either as surﬁcial runoff or as
percolation through thin, shallow portions of dump material
may remain oxic, resulting in limited or no Se attenuation. In
this scenario, alluvium and/or exposed bedrock located adjacent
to waste rock dumps show Se impacts with no attenuation, with
impacts well-represented by unsaturated column tests.
4) Percolation of leachate to depth in thicker portions of waste rock
yields more complete consumption of dissolved O2. Under these
conditions, release of constituents via oxidative dissolution of
sulﬁdes and organic matter will be limited. In addition, reducing
conditions can develop that are sufﬁcient for the reduction of
selenate to selenite, and further to Se(0) or selenide, resulting in
Se attenuation. The following key points are suggested
regarding the nature of the attenuation:
 Selenium reduction and precipitation is likely primarily
microbially driven, with organic matter released from waste
shale serving as an electron donor.
 It is assumed that the majority of Se attenuation occurs in the
waste rock. However, attenuation may also occur in underly-
ing aquifers if reducing conditions (in particular, low dissolved
O2) are maintained and sufﬁcient quantities of electron do-
nors are present (e.g., organic matter, dissolved or adsorbed Fe
[II]), or if Se is partially reduced to selenite in the waste rock,
resulting in adsorption of selenite to mineral surfaces in
bedrock.
 Selenium attenuation relative to sulfate can be observed as a
decrease in the Se:SO4 ratio of leachate emanating fromwaste
rock, provided that dissolved O2 is low enough to result in
substantial Se reduction but minimal sulfate reduction. In this
way, it is expected that saturated column results may be more
representative of impacts than unsaturated column results,
even in unsaturated but sub-oxic environments.
5) Where waste rock is present below the water table, additional
Se attenuation under saturated sub-oxic conditions occurs.5.4. Selenium attenuation in the source zone
This geochemical conceptual model assumes that minimal Se
attenuation occurs once groundwater impacts reach alluvium and
bedrock. This assumption is reasonable given the relatively low
concentrations and lower surface area of organic matter within
alluvium and bedrock formations relative to waste shale. Specif-
ically, concentrations of organic matter in center waste shale are
typically higher than the organic matter content of saturated allu-
vium and bedrock units (from approximately double towell over an
order of magnitude; e.g., Maxim, 2002, 2005; Whetstone, 2009).
Further, the crushing and fracturing of waste rock likely increases
the surface area of labile organic carbon, making it substantially
more bioavailable relative to organic matter present in undisturbed
bedrock units.
Selenium attenuation outside of the source zone is also expected
to be limited due to the high mobility of selenate (the most
dominant form in oxic conditions) relative to more reduced forms.
Under highly reducing conditions, Se present as elemental Se (Se
[0]) and selenide (Se[-II]) tends to form insoluble mineral phases
(e.g., Su et al., 2007), whereas under relatively oxic conditions, the
transport of Se present as the more soluble selenite (Se[IV]) or
selenate (Se[VI]) will be controlled by pH-dependent adsorption
and coprecipitation reactions. Of the two, selenite tends to adsorb
more strongly and be less mobile than selenate, particularly at
neutral to alkaline pH (e.g., Barrow and Whelan, 1989; Neal and
Sposito, 1989; Balistrieri and Chao, 1987, 1990; Su and Suarez,
2000). Both selenate and selenite exhibit typical oxoanion sorp-
tion behavior onmineral surfaces, with strong adsorption at low pH
Fig. 10. Geochemical conceptual model of controls on Se attenuation in saturated and unsaturated waste rock.
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However, adsorption of Se to mineral surfaces is relatively weak
compared to other oxoanions such as phosphate or arsenate/arse-
nite (Barrow and Whelan, 1989; Balistrieri and Chao, 1987, 1990;
Dzombak and Morel, 1990). In addition, the sorption envelope for
selenate adsorption on metal oxides decreases at lower pH (acidic
to neutral) relative to selenite, resulting in greater selenite
adsorption over selenate at neutral pH (Balistrieri and Chao, 1987,
1990; Su and Suarez, 2000; Rovira et al., 2008). Selenite can also
adsorb to calcite, particularly in the pH 6 to 9 range, whereas
selenate does not (Goldberg and Glaubig, 1988). Finally, the dif-
ference in uptake behavior between selenate and selenite has also
been observed under coprecipitation conditions; whereas selenite
is found to coprecipitate in Fe oxyhydroxides, selenate shows
negligible capacity to coprecipitate with Fe (Merrill et al., 1987).6. Conclusions
This study presents an analysis of site characterization labora-
tory tests and ﬁeld results from seven mine sites to understand Se
leachability and attenuation inwaste rock in the Phosphate Patch of
southeast Idaho. Aqueous Se concentrations were compared with
sulfate and other redox indicators (including dissolved O2, Fe, and
Mn) to evaluate whether attenuation of Se is occurring following
release fromwaste rock. The Se:SO4 ratio was speciﬁcally used as ametric for Se attenuation in environments where Se was reduced
preferentially to sulfate. Column results demonstrating decreased
Se release and Se attenuation under saturated conditions (but not
under unsaturated and aerated conditions) provided a basis for the
ﬁeld data interpretation. Water levels in monitoring wells were
used to demonstrate fast hydraulic response to snowmelt (sug-
gesting a hydraulic connection with percolation from overlying
waste rock), while pore gas O2 measurements, where available,
were used to conﬁrm Se attenuation observations.
This evaluation provides additional evidence for ﬁeld-scale Se
attenuation in waste rock in the Phosphate Patch, resulting in
decreased Se concentrations in leachate that recharges ground-
water. Observations of Se attenuation in water-saturated reducing
conditions are consistent with previous observations at other mine
sites in the area (e.g., Kirk, 2014; Stillings and Amacher, 2004). To
the authors' knowledge, however, this evaluation presents the ﬁrst
comprehensive ﬁeld-scale observations of Se attenuation within
unsaturated waste rock in the Phosphate Patch. This attenuation,
likely proceeding via microbial reduction in sub-oxic zones, pro-
vides an important control on the level of Se impacts towater in the
region. Evidence for attenuation in saturated waste rock was
observed in SCRRA backﬁll wells BH-1 and MWBR-9, while evi-
dence for ﬁeld-scale Se attenuation was observed in monitoring
wells beneath unsaturated waste rock at Mountain Fuel Mine
(monitoring wells MWM-17 and MWR-22) and Champ Mine
M.B. Hay et al. / Applied Geochemistry 74 (2016) 176e193192(monitoring well CHMWR-23). Information for Henry and Enoch
Valley Mines provided in the Supplementary Information also
suggests attenuation. At SCRRA, Champ, and Mountain Fuel Mines,
Se attenuation is apparent based on decreases in Se:SO4 ratios,
coinciding with reducing conditions, consistent with the well-
established concept that Se attenuation proceeds via reduction.
Champ Mine results for wells CHMWD-15 and CHMWD-17 further
suggest that the overall magnitude of impacts may be lower under
some oxic ﬁeld conditions than predicted by unsaturated columns.
In contrast, Se attenuation inwaste rock was not observed at Smoky
Canyon Mine. However, this observed lack of Se attenuation was
consistent with elevated pore gas O2 concentrations measured in
sealed waste rock boreholes; speciﬁcally, pore gas O2 concentra-
tions in waste rock at SCRRA Mine and Enoch Valley Mine were
observed to drop to low levels within several tens of feet from the
surface, whereas pore gas O2 in Smoky Canyon waste rock
remained near atmospheric levels down to over 300 ft below the
surface. This further highlights the importance of the low- O2,
reducing conditions required to achieve Se attenuation.
These results have important implications for waste manage-
ment and mine reclamation in southeast Idaho. For example, the
results suggest that current mine practices involving segregation of
waste shale with high Se concentrations to the interior of waste
rock piles can be an effective means of mitigating Se release, as
compared to historical practices of run-of-mine end-dumping of
waste rock without segregation. For example, the practice of end-
dumping without further compaction in historical mines may
have resulted in particle size zonation leading to high-conductivity
air conduits, maintaining oxic conditions in deep rock dumps.
These results further suggest that effective reclamation of rock
dumps to limit Se release to the environment may beneﬁt less from
the installation of water-impermeable caps than from the use of
covers and surface grading practices that enhance O2 consumption
while allowing for some water inﬁltration into deep waste rock.
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